I . The objective of this study was to determine whether the chemical and biochemical changes induced by muscle wasting caused by dietary protein restiiction are different in various skeletal muscles.
The role of striated muscle in the adaptation to severe malnutrition has been the subject of a great deal of study. Typically, the role of the muscle mass in general has been interpreted from analyses of a single muscle, most commonly the gastrocnemius or the quadriceps, although occasionally the specific muscle has not even been identified. Because of growing evidence that not all muscles respond to dietary restriction in the same manner (Joubert, 1956; Dickerson & McCance, 1960; Taskar & Tulpule, 1964; Wechsler, 1966; Rowe, 1968; Goldspink & Waterson, 1971; Turner & Fern, 1974; Dickerson & McAnulty, 1975) , there is a need for comparative analysis between different muscles.
It was the purpose of this study to compare several chemical and biochemical indices of composition in different muscles of the rat after 3 weeks of protein restriction, preceded by a 3 d fast. The dietary protocol used was selected to prevent muscle growth and to maximize muscle wasting over a relatively short period (Millward, 1970) . The muscles under comparison were heterogeneous in function and in anatomical location. Results from the experimental animals were compared to an 'initial' control group (killed at the start of the experiment) so that the differences observed between the two groups would reflect an absolute change resulting from the dietary restriction, without superimposing the problem of differences due to growth of the controls.
* Present address: Department of Anatomy, University of Michigan, Ann Arbor, Michigan 48109, USA. 
RESULTS
At the end of the experimental period the mean (k SD) weight of the experimental group was 67 2 3 g, a loss of 33 % from the initial weight of the animals. The absolute weights of all muscles except the forelimb flexor and extensor were significantly lower in the experimental group than in the 'initial' control group ( Table 2) . The percentage change from the initial weight was highest for trunk muscles and lowest for the forelimb muscles. Whereas the relative weights ( % body-weight) of the trunk muscles were unchanged, the relative weights of nearly all the limb muscles were increased significantly. The dry weights of most muscles were also significantly lower than those of the 'initial' controls, but no distinctive pattern of change between the muscle groups was evident.
Water content of muscles from the trunk and hind-limb regions of experimental animals was significantly reduced ( Table 3) . The largest change was observed in the diaphragm. In contrast, a significant increase in water content occurred in three of the forelimb muscles. Changes in the total lipid content and concentration of most of the muscles were variable. , v ---7 Group Mean * Values for group M were statistically significantly different from those for group C (P < 0.05).
mental animals was detected in any of the muscles examined (Table 5) . A significantly lower value for cellular protein:DNA was found for the rectus abdominis and diaphragm of experimental animals when compared to the 'initial' controls, but none of the other differences were statistically significant. The total RNA content of all muscles of the experimental animals was significantly lower (28-56 %) than that of the ' initial' controls (Table 6 ). The value for RNA: cellular protein was significantly lower (20-35 %) than that for the 'initial' controls in eleven of the muscles, but the differences were not statistically significant for the flexor carpi radialis and the extensor carpi ulnaris. The value for RNA:DNA was 16-64 % lower than that for the 'initial' controls. The differences were statistically significant in eight muscles. a 3 d fast).
DISCUSSION
Thirteen different muscles representative of trunk, hind-limb and forelimb muscles were analysed. The results suggested that certain chemical and biochemical changes coincident with muscle wasting may differ, depending on the specific muscle examined. However, the specificity involved primarily changes in magnitude rather than in direction, with the exception of changes in water and fat content of the muscles.
Muscle weight Although other studies in which muscle weight after a period of dietary restriction has been compared to that of an 'initial' control group have yielded conflicting results relative to loss or gain of muscle weight (Cabak, Dickerson & Widdowson, 1963; Montgomery, DickersonNnanyelugo, 1976) , a loss of up to 50 % of the original muscle weight may occur within 4 weeks, provided the dietary restriction is severe enough (Cabak et al. 1963; Nnanyelugo, 1976) . During the 3-week period of the present study the absolute weights of eleven muscles were reduced by 12-35 % as a result of combined fasting and protein restriction. A definite anatomical pattern of weight loss was evident: the muscles of the trunk lost the most weight, while the loss of weight in hind-limb muscles was less. Forelimb muscles lost the least weight, and in fact two forelimb muscles were unaffected. Since the trunk muscles lost weight in proportion to body-weight, there was no difference in values for muscle weight: body-weight in these muscles of the experimental animals compared to those for the 'initial' controls. In contrast, the values in four of the forelimb muscles were increased by 32-52 %. These results clearly suggest a priority of weight loss by trunk muscles over weight loss by limb muscles, particularly those of the forelimbs.
Certain differences between the weight changes of anatomically distinct muscles have previously been documented. Severe undernutrition in fowls caused greater muscle wasting in the pectoral muscle than in the sartorius (Dickerson 8c McCance, 1960) relative to their initial weight. In addition, Dickerson & McAnulty (1975) showed that the weight of quadriceps muscle of undernourished rats increased, while that of the tibialis anterior and the gastrocnemius was unchanged relative to 'weight' controls. No difference between these same hind-limb muscles was noted under the experimental conditions in the present study, in which comparison was made with 'initial' controls instead of 'weight' controls. Differential muscle growth may have occurred in the 'weight' controls in the study by Dickerson & McAnulty (1975) .
Water content When the wet weights of the muscles were compared, it appeared that at least some of the forelimb muscles were spared relative to hind-limb muscles. This difference was obscured, however, when dry weights were compared, since the direction of change in water content of fore-and hind-limbs differed: the muscles of the trunk and hind-limbs lost a small but significant amount of water, whereas three of the forelimbs gained a significant amount of water. Previous reports suggest that the water content of muscle from severely-malnourished animals may be increased relative to that of the 'initial' controls (Dickerson & McCance, 1960; Montgomery et al. 1964 ; Young, Stothers & Vilaire, 1971). The results of the present study therefore differ from other previous reports in showing that significant changes in water content did occur as a result of 3 weeks of dietary restriction, and that water content decreased in most muscles. It has been shown that the increase in muscle water after dietary restriction is mainly extracellular (Dickerson & McCance, 1960) , but the relative distribution of water between the intra-and extracellular compartments of muscles which lose water, as was the situation for many of the muscles in this study, is not known.
Lipid content
The lipid content of muscles from malnourished animals has received little attention, although Montgomery et al. (1964) reported a marked reduction in lipid concentration of the sartorius muscle of undernourished fowls relative to the 'starting' concentration. The present analyses of lipid content revealed large variations between animals in each group. However, a significant loss of lipid was observed in the gastrocnemius, whereas the biceps brachii gained lipid. The concentration of lipid was reduced by half in the gastrocnemius, but it was significantly increased in the soleus and in the biceps. These results and those of Montgomery et al. (1964) suggest that certain muscles, such as the gastrocnemius of the rat and the sartorius of the fowl, appear to contain a lipid store which may be mobilized under certain dietary conditions, while other muscles accumulate lipid under the same circum-stances. It would be of interest to know the source of the mobilized lipids, since loss of membrane lipids would be likely to have consequences in terms of physiological muscle function (i.e. excitation) and metabolism (i.e. mitochondria1 function), while loss of nonstructural lipid deposits would be more likely to affect energy reserves. The site of increased muscle lipids is of interest for similar reasons. It should be noted that lipid-filled vacuoles commonly appear in muscle fibres undergoing severe atrophy or degeneration (Adams,
Cellular protein
Previous reports have shown that total nitrogen, total protein, and total cellular protein are reduced relative to the initial protein content after a period of undernutrition (Dickerson & McCance, 1960; Cabak et al. 1963; Montgomery et al. 1964; Wannemacher & Cooper, 1970; Nnanyelugo, 1976) . The trunk and hind-limb muscles from the experimental animals in the present study lost 20-35 % of their initial cellular protein content. In contrast, no loss of cellular protein was detected in any of the forelimb muscles except the triceps. Loss of cellular protein in the other muscles did not alter the concentration of this fraction relative to the dry weight of the muscle, however, except in the rectus abdominis. This marked response of the abdominal muscle is consistent with the observation that ultrastructural degeneration is more severe in this muscle than in limb muscles (Wechsler, 1966) .
The loss of cellular protein affects both myofibrillar and sarcoplasmic proteins (Dickerson & McCance, 1960 Goldspink, 1965; Stickland, Widdowson & Goldspink, 1975) . A reduction in myofibril size (Goldspink, 1965) or loss of contractile elements (Wechsler, 1966) may also occur within the fibres.
1975).

Extracellular protein
Despite the loss of cellular protein, total extracellular protein actually increased by 20-90 % in every muscle except the diaphragm. Furthermore, the concentration of this protein fraction reIative to muscle dry weight was increased by p-90 % in every muscle. These results are in agreement with most previous reports which suggest that the extracellular fraction of muscle from malnourished rats and fowl is increased relative to the initial content and concentration (Mendes & Waterlow, 1958 Dickerson & McAnulty, 1975) . A reduction in extracellular protein concentration relative to the initial concentration has been reported, however, in the gastrocnemius muscle of young rats after either 10 d of starvation or 21 d on a protein-free diet (Wannemacher & Cooper, 1970) . It should be emphasized that the entire tendonous attachment of each muscle was included in the analyses in the present study. Whether this was done in the reports cited is not entirely clear.
It is not certain whether the increase in extracellular protein represents increased collagen within the interstitial spaces of the muscle (a change which could impair the contractile function of the muscle fibres), or whether it represents an increase in the collagen content of the tendon. Elongation of the femur continued during the experimental period (C. Spence, unpublished results). Several other reports have also suggested that long-bone growth continues during at least the initial period of dietary restriction (Montgomery el al. 1964; Dickerson et al. 1972; Lee, 1976) . Either muscle or tendon elongation or both must accompany long-bone growth. Since cellular protein was lost, it seems most likely that tendon elongation occurred in the experimental animals. This suggestion is supported by our observation of increased extracellular protein in all the muscles analysed which would have been affected by long-bone growth or increased body length, whereas there was no change in the collagen content of the diaphragm, a muscle which would not have been significantly affected by longitudinal growth (Dickerson et al. 1972 ). An increase in interstitial collagen cannot be completely discounted, however, since morphological observations of muscle biopsies from malnourished children suggest that interstitial collagen may be increased (Montgomery, 1962 ; F. Hansen-Smith, unpublished results).
DNA
The measurements of total DNA in each muscle indicated that neither loss nor gain of nuclei occurred during the experimental period. Thus the increase in muscle DNA content due to increases in length and girth during normal growth (Enesco & Puddy, 1964; Gordon, Kowalski, & Fritts, 1966; Cheek, Holt, Hill & Talbert, 1971 ; Burleigh, 1977) were prevented. These observations are in line with other similar studies of hind-limb muscles which show little or no change in total DNA content relative to 'initial' controls (Howarth & Baldwin, 1971; Dickerson & McAnulty, 1975) . It should be noted that in one report, however, a significant reduction in DNA content of rat quadriceps muscle was found after 28 d on a 50 g protein/kg diet (Dickerson et al. 1972) . Goldberg & Goldspink (1975) reported no change in muscle DNA content after 48 h of starvation. It is assumed that approximately 65 % of the DNA measured reflects myonuclei in the muscles from controls as well as from the experimental animals. This assumption has been tested for controls (Enesco & Puddy, 1964) but not for malnourished animals. This percentage of myonuclei has, however, also been found in muscle from malnourished infants (Hansen-Smith, Picou & Golden, 1978) and well-nourished children (F. Hansen-Smith, unpublished results). Direct counts of the total numbers of myonuclei in the flexor digiti brevis of pigs have shown neither loss nor gain in total myonuclei after I year of malnutrition (Stickland et al. 1975) . Also, no loss of myonuclei was detected by direct counts of myonuclei in pectoral muscle of chickens starved or undernourished for a few days (Moss, 1968) . While a small proportion of the nuclei actually belong to the muscle satellite cell (Allbrook, Han & Helmuth, I97I) , this proportion is apparently not altered by chronic dietary restriction in rats (F. HansenSmith, unpublished results).
The ratio, cellular protein:DNA, an index of a hypothetical muscle 'cell' size, was significantly reduced only in the rectus abdominis and diaphragm, despite the significant reduction of cellular protein content in most of the muscles. The lack of significant change in cellular protein: DNA in the other muscles was unexpected, but apparently results from the large variability between individual rats. The literature is not clear regarding the influence of dietary restriction on muscle 'cell' size. A modest, but not statistically significant, reduction in cellular protein:DNA has been reported for rat gastrocnemius muscle after 4 d of fasting (Millward, Nnanyelugo, James & Garlick, 1974) , and a significant reduction in protein: DNA has been found in hind-limb muscles ofarats after 3 weeks of protein deprivation (Nnanyelugo, 1976) . In contrast a slight increase in cellular protein:DNA has been reported for the quadriceps and gastrocnemius muscle of rats after 4 weeks of food restriction (Dickerson & McAnulty, 1975) . RNA The results of the RNA analyses are in agreement with other reports which show a reduction in RNA content and concentration in hind-limb muscles of malnourished rats relative to 'initial' controls (Wannemacher & Cooper, 1970; Howarth & Baldwin, 1971 ; Nnanyelugo, 1976) . Muscle RNA has been shown to be very closely and rapidly regulated by dietary intake (Howarth, 1972 ; Millward, Garlick, James, Nnanyelugo & Ryatt, 1973 ; Millward et al. 1974; Goldberg & Goldspink, 1975) . The use of constant-infusion techniques for measurement of protein metabolism has shown that initial effects of dietary restriction are mediated by a reduction in the efficiency of ribosomal protein synthesis. In later stages the predominant, and quantitatively the most important effects are due to a reduction in tissue RNA content and concentration (Young & Alexis, 1968; Millward et al. 1973) . Since the total RNA content and the RNA concentration of all muscles were reduced by the dietary restriction it can be concluded that all muscles had a lower capacity for protein synthesis. Increased protein catabolism, particularly during the initial period of fasting (Millward, 1970) , combined with a reduced capacity for replacement of protein thus resulted in a net loss of cellular protein from the muscles.
Millward & Garlick (1972) have shown a close relationship between RNA:protein and the intensity of protein synthesis in muscle. In the present experiment, RNA:protein was reduced, but no clear pattern emerged to indicate differences in the intensity of protein synthesis between different muscles, despite the apparent differences between the magnitude of changes in total cellular protein of trunk, hind-limb, and forelimb muscles. In the present experimental model the added factor of increased muscle catabolism would be expected to obscure such a relationship. It is of interest to note, however, that RNA:DNA, in contrast to RNA: protein, correlated well with the reIative changes in total cellular protein by individual muscles; the correlation coefficient was calculated as 0.888 (P < 0.05).
Whereas a loss of cellular protein was observed in the muscles studied, extracellular protein, presumably mainly collagen, accumulated, thus indicating that synthesis of certain proteins continued despite an over-all reduction in the capacity for protein synthesis. This means that a portion of the RNA remaining after the experimental period was present in the interstitial cells, particularly in the fibroblasts which produce collagen. The presence of interstitial cells has largely been ignored for the purpose of most biochemical analyses of dietary effects on muscle. However, the RNA content of the fibroblast may have quantitative significance when collagen accumulation occurs in muscle, as is evident in the report by JabIecki, Heuser & Kaufman (r973), which dealt with muscle hypertrophy. Expression of results, including values for RNA:protein and RNA:DNA, must be interpreted with this possibility in mind.
Diferences between muscles
In summarizing the results of this study, a distinction should be made between the magnitude and the direction of responses by the individual muscles. The direction of the changes by the various muscles were the same for nearly all the measurements. For many measurements, however, the magnitude of change tended to be related to anatomical location, i.e. trunk, hind-limb or forelimb. It might be argued that the large differences in size of the individual muscles in different anatomical regions biased the measurements by regions. Comparison of measurements from two muscles which were identical in weight but were located in different regions, i.e. the rectus abdominis and the tibialis anterior, argues against this objection for muscles in the size-range found in the trunk and hind-limb. However, four of the forelimb muscles were considerably smaller than the other muscles, and errors which would be insignificant in the larger muscles would be of importance in the smaller muscles. The largest forelimb muscle, the triceps, did not always follow the trends established by the four smaller distal muscles. Whether this may be related to its size or its proximity to trunk muscles is not clear.
Factors which differed between muscles within an anatomical region, such as tonic v. phasic activity, and differences in metabolic rate, were of no importance for the measurements reported in this study. For example, the soleus and the tibialis anterior differ in function and metabolism, but these muscles were essentially identical in their response. It should be noted, however, that these same factors do influence measurements of enzyme
